Lafora disease is a progressive myoclonus epilepsy with onset typically in the second decade of life and death within 10 years. Lafora bodies, deposits of abnormally branched, insoluble glycogen-like polymers, form in neurons, muscle, liver, and other tissues. Approximately half of the cases of Lafora disease result from mutations in the EPM2A gene, which encodes laforin, a member of the dual-specificity protein phosphatase family that additionally contains a glycogen binding domain. The molecular basis for the formation of Lafora bodies is completely unknown. Glycogen, a branched polymer of glucose, contains a small amount of covalently linked phosphate whose origin and function are obscure. We report here that recombinant laforin is able to release this phosphate in vitro, in a time-dependent reaction with an apparent Km for glycogen of 4.5 mg/ml. Mutations of laforin that disable the glycogen binding domain also eliminate its ability to dephosphorylate glycogen. We have also analyzed glycogen from a mouse model of Lafora disease, Epm2a ؊/؊ mice, which develop Lafora bodies in several tissues. Glycogen isolated from these mice had a 40% increase in the covalent phosphate content in liver and a 4-fold elevation in muscle. We propose that excessive phosphorylation of glycogen leads to aberrant branching and Lafora body formation. This study provides a molecular link between an observed biochemical property of laforin and the phenotype of a mouse model of Lafora disease. The results also have important implications for glycogen metabolism generally.
G
lycogen is a branched polymer of glucose that serves as an energy reserve in many cell types (1) . The primary polymerization in glycogen is via ␣-1,4-glycosidic linkages, formed by the action of glycogen synthase, with branchpoints created by ␣-1,6-glycosidic linkages introduced by the branching enzyme (1) . Mutations in these and other glycogen metabolizing enzymes result in a series of glycogen storage diseases characterized by aberrant glycogen deposits (2) (3) (4) . Lafora disease (OMIM254780) is an autosomal recessive juvenile-onset myoclonus epilepsy that, although not normally viewed as a classic example of a glycogenosis, nonetheless is characterized by abnormal glycogen accumulation. The hallmark of the disease is the formation of Lafora bodies, which contain insoluble, poorly branched glycogen-like polysaccharide or ''polyglucosan'' (5-7). These bodies develop in liver, muscle, heart, skin, and neurons that normally accumulate little glycogen (8) .
There have been major advances in understanding the genetics of Lafora disease, with the identification of two genes, EPM2A and EPM2B (NHLRC1), whose mutation accounts for Ϸ90% of the cases (5) . However, analysis of the corresponding proteins, laforin and malin, has thus far revealed little about the molecular basis for the disease or the formation of Lafora bodies. Laforin belongs to the dual-specificity protein phosphatase family and additionally contains a highly conserved polysaccharide binding domain. Laforin binds to glycogen (9, 10) , and virtually all of the laforin in a mouse skeletal muscle extract is recovered in the high-speed glycogen pellet (data not shown). Laforin is very sensitive to inhibition by polysaccharides, when assayed by using the generic phosphatase substrate p-nitrophenylphosphate (pNPP) (11) . One disease mutation, W32G (6) , is located in the conserved carbohydrate binding domain (12) and, when transferred to recombinant laforin, eliminates glycogen binding by recombinant laforin without completely abolishing pNPPase activity (10, 11) . Thus, impaired glycogen binding by laforin may be sufficient to cause disease. Another link between laforin and glycogen comes from the observation that the laforin protein level correlates with the amount of glycogen in a series of mouse models in which the muscle glycogen content was genetically manipulated (13) . Malin is an E3 ubiquitin ligase and has been reported to act on laforin (14) . In a cell model, expression of malin results in the degradation of laforin. However, because Lafora disease is recessive, it is hard to envisage how loss-offunction mutations to either malin or laforin cause the same phenotype. If the function of malin is to promote laforin degradation, mutation of malin should increase laforin level and presumably function.
A prominent hypothesis in Lafora research has been that the polyglucosan might result from an imbalance between the activities of glycogen synthase and branching enzyme. There is precedent for this proposal. Glycogenosis type IV, Andersen disease, is caused by mutations in the branching enzyme gene and leads to the accumulation of polyglucosan (15) . A somewhat similar situation exists in glycogenosis type VII, Tarui disease, in which mutation of the phosphofructokinase gene causes a build-up of glycolytic intermediates that are thought to drive excessive glycogen synthesis through elevation of the allosteric activator of glycogen synthase, glucose-6-P (16) . In addition, we observed that a mouse in which hyperactive glycogen synthase was overexpressed in muscle both overaccumulated glycogen and developed structures reminiscent of Lafora bodies (17, 18) . Therefore, several groups have looked for ways by which laforin could affect glycogen-synthesizing enzymes. Glycogen synthase is inactivated through phosphorylation by the protein kinase GSK-3, which itself contains an inhibitory phosphorylation site (19) . Two groups (20, 21) have proposed that the inhibitory phosphate of GSK-3 can be removed by laforin, thus potentially leading to activation of glycogen synthase to cause the biosynthetic imbalance. However, Worby et al. (22) reported no evidence for laforin action on GSK-3, and we saw no significant change in glycogen synthase activation or GSK-3 phosphorylation in a mouse model of Lafora disease in which an inactive mutant of laforin, C266S, was overexpressed transgenically (23) . We also found no evidence that laforin can dephosphorylate GSK-3 in vitro under conditions where the inhibitory phosphate can be removed by the -phosphatase [supporting information (SI) Fig. 5 ]. Notwithstanding the controversy over whether laforin acts on GSK-3, identification of physiological laforin substrates remains critical to understanding the molecular basis for Lafora disease. A potentially important advance came with the observation by Worby et al. (22) that laforin could release phosphate from amylopectin, a plant polysaccharide structurally related to glycogen, which is known to contain covalent phosphate attached as monoesters to the C3 and C6 positions of the glucose units. The level of phosphorylation is low, 0.25% by weight or 0.57% mol phosphate per mol glucose in our hands, but mutations in plants that affect amylopectin phosphorylation cause profound effects on starch metabolism (24) . We report here that laforin is able to release phosphate also from mammalian glycogen and, furthermore, that disruption of the laforin gene in a mouse results in increased glycogen phosphorylation in vivo.
Results and Discussion
Dephosphorylation of Glycogen by Laforin. Mammalian glycogen has been reported to contain small amounts of covalent phosphate (25, 26) . Worby et al. (22) attempted to measure dephosphorylation of commercially available rabbit liver glycogen by Time-dependent release of phosphate from potato amylopectin (0.5 mg/ml) by purified, recombinant laforin (2.5 g/ml). At the indicated times, the reaction was terminated by the addition of N-ethylmaleimide, and the inorganic phosphate was determined. (B) Concentration dependence of the rate of dephosphorylation of amylopectin by laforin. The reaction was for 15 min in the presence of 2.5 g/ml laforin, at which time the reaction was close to linear. The apparent K m for amylopectin was 1.5 mg/ml. (C) Time-dependent release of phosphate from rabbit skeletal muscle glycogen (5 mg/ml). Laforin was present at 25 g/ml.
(D) Concentration dependence of glycogen dephosphorylation by laforin. Laforin was present at 25 g/ml, and the reaction time was 40 min. The apparent Km for glycogen was 4.5 mg/ml. (E) Dephosphorylation of rabbit skeletal muscle glycogen in the presence of ␣-amylase and amyloglucosidase. Glycogen (5 mg/ml) dephosphorylation by laforin (25 g/ml) was allowed to proceed until the reaction was essentially complete, at which time ␣-amylase (0.3 mg/ml) and amyloglucosidase (0.3 mg/ml) were added. Subsequent phosphate release was monitored. (F) Model for glycogen structure. Glycogen is believed to exist as a series of concentric shells of glucose residues, so that inner tiers would not be on the surface of the molecule. A full-size molecule would consist of 12 tiers.
laforin but were unsuccessful, possibly because of the lack of assay sensitivity and/or the low phosphate content of the glycogen. Rabbit liver glycogen has been reported to contain significantly less phosphate than rabbit muscle glycogen (26) . In the present study, we first confirmed the observation that amylopectin is a substrate for purified recombinant laforin ( Fig. 1 A and  B) . Some 80-90% of the phosphate was released in a timedependent manner. Varying the amylopectin concentration indicated a saturable process that followed a hyperbolic curve. We then analyzed glycogen that was isolated from rabbit skeletal muscle and showed that it contained 0.17% mol phosphate per mol glucose. Laforin released 20-25% of the total phosphate present, and the glycogen concentration dependence of the reaction was close to hyperbolic ( Fig. 1 C and D) . Unlike amylopectin, glycogen is believed to exist as a series of concentric shells of glucose residues (Fig. 1F ) (1), and phosphate in the interior layers may not be accessible to laforin in the intact glycogen molecule. Therefore, after phosphate release had reached a maximum, we added the glycogen-degrading enzymes, ␣-amylase and amyloglucosidase, to disrupt the glycogen structure. Most of the remaining phosphate was now released and was by inference present in the inner tiers of the molecule (Fig. 1E) . Exposure of glycogen to the glucosidases in the absence of laforin did not release inorganic phosphate, and likewise treatment of laforin with the glucosidases led to no phosphate release (data not shown). The laforin mutant C266S, in which a critical active-site residue is altered, did not hydrolyze phosphate from glycogen, confirming that phosphate release was not an artifact and was an enzyme-catalyzed reaction (Fig. 2) . Some Lafora disease mutants are located in the glycogen binding domain, and, with one of these, W32G, previous studies have shown that the enzyme retains significant activity toward p-nitrophenolphosphate (10, 11). Recombinant W32G laforin was unable to dephosphorylate glycogen (Fig. 2) , demonstrating that laforin action requires binding to glycogen by this noncatalytic domain. This finding is consistent with the idea that laforin is associated with glycogen during its metabolism, monitoring, and opposing the excessive introduction of phosphate.
Analysis of Epm2a ؊/؊ Mice. Mice with the Epm2a gene disrupted develop many of the characteristics of Lafora disease (27) . The animals had Lafora bodies in liver, muscle, and brain, impaired behavioral responses, and ataxia, and they ultimately underwent spontaneous myoclonic seizures. We determined the activities of the glycogen synthetic enzymes, glycogen synthase, and branching enzyme in WT and Epm2a Ϫ/Ϫ mice. Glycogen synthase is typically measured in the absence and presence of the allosteric activator glucose-6-P, which overcomes the inactivation by phosphorylation of the Gys1 isoform of the enzyme, which is expressed in muscle and brain. The Ϫ/ϩ glucose-6-P ratio is a kinetic index of phosphorylation state, and the plus glucose-6-P activity should mirror enzyme level. Glycogen synthase activity was not altered in muscle or brain of Epm2a Ϫ/Ϫ mice whether measured in the absence or presence of glucose-6-P ( Fig. 3 A and C). Consistent with this observation, analysis of muscle extracts by Western blotting for glycogen synthase also revealed no difference in protein levels (Fig. 3F) . Also, GSK-3 phosphorylation state, an index of activity, was unchanged in Epm2a Ϫ/Ϫ mice (Fig. 3E ), again consistent with the lack of effect on glycogen synthase activity. Disruption of the laforin gene had no effect on branching enzyme activity in muscle or brain ( Fig. 3 B  and D) . All of these findings with Epm2a Ϫ/Ϫ mice were essentially consistent with our results with C266S overexpressing mice, which are another model of Lafora disease (23) . Because of our finding that laforin could release covalent phosphate from glycogen in vitro, we sought to analyze the phosphate content of glycogen from Epm2a knockout animals. The glycogen isolated for our standard enzymatic determination of glucose equivalents is unsuitable for measurement of covalent phosphate because it contains too much contaminating inorganic phosphate. Therefore, we developed a protocol for the isolation of highly purified glycogen lacking this contamination (see Materials and Methods). From analysis of this glycogen, we determined an Ϸ4-fold increase in the phosphate content of muscle glycogen from Epm2a Ϫ/Ϫ mice compared with WT controls (Fig. 4B) . In liver glycogen there was a smaller, 40%, increase that was statistically significant (Fig. 4A ).
Laforin as a Polysaccharide Phosphatase. The present study extends the work of Worby et al. (22) to demonstrate that glycogen, as well as amylopectin, is a substrate for laforin. There is precedent for members of the dual-specificity phosphatase family hydrolyzing phosphate from nonprotein substrates because both PTEN and myotubularin dephosphorylate phospholipids (28, 29) . Although glycogen and amylopectin share the chemistry of their polymerization and branching linkages, their structures are thought to be quite different (30) . Amylopectin has a generally higher molecular weight and is significantly less branched (1 in Ϸ30 residues) than glycogen (1 in Ϸ12 residues). Whereas glycogen is believed to be formed of concentric tiers of glucose residues (Fig. 1F) , amylopectin has a more extended structure that includes semicrystalline regions of unbranched glucose chains lined up in parallel (31) . This difference likely accounts for the fact that most of the phosphate in amylopectin is readily released by laforin and is presumably superficial and available, whereas only a fraction of the phosphate is accessible on the surface of the glycogen molecule. Phosphate from the inner tiers cannot be accessed until the structure is disrupted by hydrolyzing enzymes. It is interesting that the rate of phosphate release from both amylopectin and glycogen is saturable by substrate and follows approximately hyperbolic kinetics. The apparent K m s for amylopectin and glycogen were 1.5 and 4.5 mg/ml, respectively. For glycogen with M r 10 7 , the K m would be 0.45 M. Expressed in terms of covalent phosphate concentrations, the values would be 47.3 and 42.5 M for amylopectin and glycogen, respectively. However, if only 25% of the glycogen phosphate is assumed to be accessible, the K m would be reduced to Ϸ10 M. Nonetheless, these K m values are quite close to each other and would be consistent with some commonality in the reaction mechanism for phosphate removal from both polysaccharides. However, interpreting the kinetics of polysaccharide dephosphorylation by laforin is complex. First, both glycogen and amylopectin are polydisperse. Second, the analysis is complicated by the fact that laforin contains a carbohydrate binding domain separate from the catalytic site. In fact, if the inhibition of laforin pNPPase activity by polysaccharide (11) reflects binding, then, even at the lowest substrate concentrations of Fig. 1 , virtually all of the laforin would be bound. Thus, simple enzyme kinetic formulations may not be appropriate.
Glycogen Phosphorylation and Lafora Disease. This study links a defect in a Lafora disease gene with a biochemical change in vivo compatible with an observed property of the corresponding protein. How malin deficiency would relate to Lafora body formation is unclear. The role of laforin as a physiological GSK-3 phosphatase is controversial and, in any event, Lafora bodies form in Epm2a Ϫ/Ϫ or the C266S (27, 32) overexpressing mice in tissues in which GSK-3 phosphorylation is not altered (23) (Fig.  3E) . The elevated phosphate content in glycogen from Epm2a Ϫ/Ϫ mice is consistent with laforin acting as a glycogen phosphatase in vivo and additionally implicates glycogen phosphorylation as a determinant of its branching structure. One earlier report (33) had also described increased phosphate associated with Lafora bodies in neural tissue of patients with Lafora disease. We propose that excessive phosphorylation of glycogen can impair branching, by a yet-to-be-determined mechanism, and that laforin, which binds tightly to the polymer, is normally present during glycogen metabolism to limit this phosphorylation. Because phosphate is a relatively scarse constituent of glycogen, such a role would also explain why defective laforin does not immediately result in grossly abnormal glycogen structure and associated pathology. Only with aging would glycogen particles gradually overaccumulate phosphate past a threshold for the formation of aberrant structure and ultimately Lafora bodies. The results of this study provide insight into the mechanistic basis for Lafora disease and have important implications for glycogen metabolism generally.
Materials and Methods
Reagents. Potato amylopectin, pNPP, and malachite green oxalate were from Sigma-Aldrich. Recombinant His-tagged mouse laforin, or mutants thereof, were prepared as described (11) . Amyloglucosidase from Aspergillus niger was from Fluka. ␣-Amylase from Bacillus species was from Sigma. Anti-phospho-GSK-3␣/␤ (Ser-21/Ser-9) antibody was from Cell Signaling Technology, and anti-phospho-GSK-3␣/␤ (Tyr-279/Tyr-216) antibody was from Upstate Biotechnology. Antilaforin antibodies were from Abnova. Antiglycogen synthase antibodies raised in chicken was obtained from the late J. C. Lawrence, Jr. (University of Virginia, Charlottesville).
Mice and Tissue Harvesting. The Epm2a Ϫ/Ϫ mice have been described (27) . Animals, males 3-4 months old, were killed by cervical dislocation, and tissues were rapidly excised, immersed in liquid nitrogen, and stored at Ϫ80°C. Muscle or liver was pulverized in liquid nitrogen and processed for measurement of enzyme activities or glycogen as described (23) .
Glycogen Purification. Glycogen for use as a laforin substrate was isolated from rabbit skeletal muscle by a variant of previously described procedures (26, 34) . Briefly, a muscle extract was treated with 10% trichloroacetic acid (TCA), the glycogen was precipitated from the supernatant with ethanol, and the solubilized pellet was shaken with chloroform/octanol. After another ethanol precipitation, the glycogen was incubated with SDS, harvested by ultracentrifugation, and subjected to further ethanol precipitation. The glycogen contained 0.17% mol/mol inorganic phosphate. Glycogen for covalent phosphate determination was prepared from WT or Epm2a Ϫ/Ϫ mouse skeletal muscle or liver as follows. The tissue was boiled in 30% KOH and then filtered to remove floating fat. The glycogen was precipitated with ethanol and redissolved in water. Ten volumes of 4:1 methanol/chloroform was added, and the solution was mixed and heated at 80°C for 5 min. The glycogen was recovered, ethanolprecipitated, and redissolved in 10% TCA. The resulting solution was centrifuged, and the glycogen was recovered from the supernatant by ethanol precipitation. After extensive dialysis, the glycogen was precipitated again with ethanol. By this procedure, lipids were removed by the methanol/chloroform extraction. Proteins and nucleic acids were absent as determined by the Bradford protein determination assay (35) and A260 absorbance, respectively.
Inorganic Phosphate and Glycogen Determination. Measurement of inorganic phosphate, whether in laforin enzyme assays or hydrolysates of glycogen, used the highly sensitive malachite green method (22, 36) . Glycogen was hydrolyzed in 10 l of 5 M H 2 SO 4 and 30 l of 60% HClO 4 according to the protocol of Hess and Derr (37) before phosphate measurement. The glycogen was quantitated by measuring glucose equivalents after digestion by ␣-amylase and amyloglucosidase (38) .
Enzyme Assays. Glycogen synthase and branching enzyme assays were as described (23) . Laforin phosphatase activity toward pNPP used a colorimetric assay (22) .
Western Blotting. Analysis of GSK-3 phosphorylation by using phospho-specific antibodies was as described (23) . Similar procedures were used for laforin and glycogen synthase.
Statistics. Data from animal groups are displayed as mean Ϯ SEM. Statistical significance was evaluated by using an unpaired Student t test.
